To elucidate mechanisms responsible for mechanotransduction in the heart and define the effects of remodeling of the extracellular matrix, we cultured neonatal rat ventricular myocytes on native type I collagen, fibronectin, or denatured collagen and subjected them to uniaxial, pulsatile stretch. Changes in expression of the cardiac gap junction protein, Cx43, were measured by confocal microscopy and immunoblotting. Cells grown on fibronectin or denatured collagen exhibited significantly greater Cx43 expression than cells grown on native collagen. Stretch induced a Ϸ2-fold increase in Cx43 expression in cells grown on native collagen but no increase in cells grown on fibronectin or denatured collagen. Incubation of cells on native collagen with a peptide containing the arginine-glycine-aspartate (RGD) motif upregulated Cx43 expression equivalent to that induced by stretch. Nonselective activation of integrin signaling with MnCl 2 also upregulated Cx43 expression in cells grown on native collagen. This effect was blocked completely by pretreatment with anti-␤ 1 integrin antibody but not by anti-␤ 3 integrin antibody. Stretch led to a marked increase in ␤ 1 integrin immunofluorescent signal in cells grown on native collagen but not in cells grown on fibronectin or denatured collagen. Stretch-induced upregulation of Cx43 was also blocked by anti-␤ 1 integrin antibody. Thus, matrix protein-myocyte interactions regulate Cx43 expression via ␤ 1 integrin signaling initiated by mechanical stimulation in cells grown on native type I collagen, or by RGD-integrin signaling independent of mechanical stress in cells grown on fibronectin or denatured collagen. Changes in the composition of the extracellular matrix may affect electrical coupling in cardiac myocytes. (Circ Res. 2005;96:558-566.) 
B ecause of the unique mechanical function of the heart, interactions between cardiac myocytes and the extracellular matrix undoubtedly play an important role in regulating fundamental biological and pathobiological processes. 1, 2 Whereas changes in the structure and composition of the extracellular matrix may be maladaptive in end-stage heart disease, early responses of cardiac myocytes to matrix remodeling could fulfill adaptive purposes. Previously, we reported that expression of the cardiac gap junction protein, connexin43 (Cx43), is increased by Ϸ2-fold and conduction of electrical impulses is enhanced when neonatal rat ventricular myocytes grown on native type 1 collagen are subjected to a mechanical load (pulsatile stretch to 110% of resting length at 3 Hz) for only 1 hour. 3 Stretch-induced upregulation of Cx43 is mediated at least in part by vascular endothelial growth factor (VEGF), which is secreted in response to stretch and acts in an autocrine manner to enhance Cx43 expression. 4 These observations indicate that stretch can lead to salutary changes in cardiac myocytes presumably via activation of intracellular signaling pathways initiated by myocyte-matrix interactions. This in vitro stretch system is well suited for analysis of cardiac myocyte-matrix interactions. It consists of a monolayer of virtually pure cardiac myocytes that can be grown on chemically defined matrix proteins and subjected to controlled mechanical load. The rapid and marked increase in Cx43 expression provides a sensitive and convenient read-out to monitor the effects of altered myocyte-matrix protein interactions on gene expression.
Mechanosensitive integrin receptors have been shown to directly connect the extracellular matrix to the actin cytoskeleton of cardiac myocytes. 1, 2 Moreover, changes in traction force initiate intracellular signal transduction cascades via "outside-in" integrin signaling. 1, 2 In the present study, we used the in vitro stretch system to characterize the effects of different matrix proteins on stretch-induced changes in cardiac myocyte gene expression using Cx43 as the read-out, and to elucidate mechanisms responsible for outside-in signaling mediated by integrins. We compared effects in cells grown on native type I collagen, the predominant matrix protein of the normal heart, and fibronectin or denatured type I collagen to model changes known to occur in the diseased heart. [5] [6] [7] [8] [9] We observed marked disparities in responses to stretch and VEGF in myocytes grown on native collagen compared with myocytes grown on fibronectin and denatured collagen in which signaling mediated by interactions between the arginine-glycine-aspartate (RGD) motif and ␤ 1 integrins played a major role.
Materials and Methods

Neonatal Rat Ventricular Myocyte Cultures
Primary cultures were prepared from ventricles of 1-day-old outbred Wistar rat pups (Charles River, Indianapolis, Ind) as described previously. 3, 4 Cells were plated at a density of 2.4ϫ10 5 cells/cm 2 on deformable silicone membranes that had been coated with native type I collagen (200 g/mL, Sigma), fibronectin (200 g/mL, Sigma), or heat-denatured (60°C for 30 minutes) type I collagen (200 g/mL). Cells were grown in M199 medium in Hanks balanced salt solution at 37°C in an atmosphere of room air supplemented with 1% CO 2 for 4 days before experimentation. All experimental protocols were approved by the Washington University Animal Studies Committee.
Stretch Protocols and Incubation of Cells With VEGF, RGD Peptide, MnCl 2 , and Anti-␤ 1 and Anti-␤ 3 Integrin Antibodies
Monolayers of ventricular myocytes that had been grown in culture for 4 days were subjected to uniaxial, pulsatile stretch using a custom-designed apparatus described in detail in a previous study. 3 Cells were transferred to serum-free medium (1:1, Ham's F-12:DMEM, Fisher Life Sciences) and stretched to 110% of resting length at a frequency of 3 Hz for 1 hour. In selected experiments, unstretched myocyte cultures were incubated for 1 hour in serumfree medium containing exogenous recombinant human VEGF 165 (the 165 amino acid isoform of human VEGF; 100 ng/mL, R&D Systems), a cyclic RGD peptide (GRDGSP) or an inactive RGE peptide (GRGESP) (0.5 mmol/L each, Washington University Protein Chemistry Laboratory), or MnCl 2 (1 mmol/L, Sigma). In other experiments, cultures were pretreated for 30 minutes in serum-free media containing 50 g/mL monoclonal anti-␤ 1 (clone Ha2/5, BD Pharmingen) or anti-␤ 3 integrin antibodies (clone 2C9.G2, BD Pharmingen) before being subjected to pulsatile stretch or incubation with other reagents. These antibodies have been shown in previous studies to block signaling mediated by ␤ 1 and ␤ 3 integrins, respectively. 10, 11 Control cultures (not stretched or exposed to exogenous reagents) were also incubated in serum-free medium for 1 hour. At the conclusion of each experimental protocol, cells were either scraped from membranes and lysed for immunoblot analysis or fixed for confocal immunofluorescence microscopy.
Immunoblot Assay of Cx43 Expression
Cell cultures were washed once in cold PBS and then scraped from silicone membranes in a low ionic strength buffer containing protease inhibitors (NaHCO 3 ,1 mmol/L; EDTA, 5 mmol/L; EGTA, 1 mmol/L; leupeptin, 1 mol/L; pepstatin, 1 mol/L; aprotinin, 0.1 mol/L; benzamidine, 1 mmol/L; iodoacetamide, 1 mmol/L; phenylmethylsulfonylfluoride, 1 mmol/L). After centrifugation at 3000g for 6 minutes at 4°C, the pellet was resuspended in the same buffer and stored at Ϫ70°C. Aliquots containing 7 g of total protein were analyzed by SDS polyacrylamide gel electrophoresis, and Cx43 signal was quantified by densitometry as described in detail in previous studies. 12
Quantitative Confocal Immunofluorescence Microscopy
Cultures were rinsed in serum-free medium and then fixed in 4% paraformaldehyde. To measure the amount of Cx43 immunoreactive signal located in gap junctions, cells were incubated overnight with a polyclonal rabbit anti-Cx43 antibody (diluted 1:400; product no. 71-0700, Zymed) and then with Cy3-conjugated goat anti-rabbit IgG (diluted 1:400, Jackson Immunoresearch) before being examined by laser scanning confocal microscopy. In selected experiments, expression of N-cadherin was analyzed using a rabbit polyclonal antibody that recognizes a common epitope in the N-cadherins (product no. C3678, Sigma). The area occupied by specific Cx43 or N-cadherin immunoreactive signal in cell-cell junctions was quantified by digital image processing and expressed as a percentage of total myocyte area using established, validated methods that have been described previously in detail. 13 In each culture, three fields were randomly selected for quantitative analysis. Each field was Ϸ26 400 m 2 in area and included profiles of 30 to 50 cells. A mean value was calculated for each culture by averaging the results from the three fields. At least three individual cultures were analyzed for each condition (nՆ3 experiments). The amount and distribution of ␤ 1 integrin signal was also characterized by immunofluorescence microscopy in paraformaldehyde-fixed cells, which were incubated overnight with an Armenian hamster anti-␤ 1 integrin antibody (diluted 1:1000, BD Pharmingen) and then with Cy3-conjugated goat anti-Armenian hamster IgG (diluted 1:400, Jackson Immunoresearch).
Dye-Transfer Assay
Cells grown on silicone membranes coated with type I collagen or fibronectin (nϭ3 membranes for each) were rinsed in PBS and then incubated with Lucifer yellow (1%, Sigma). A small glass-cutting wheel was used to make a clean cut across the myocyte monolayer to permit the membrane-impermeant dye to enter a linear array of broken cells (scrape-loading of dye). After being incubated for 2 minutes at 37°C, the preparations were rinsed three times with PBS, fixed in 4% paraformaldehyde, mounted on glass slides, and photographed using a fluorescence microscope and Nikon Coolpix 995 camera. Digital images were analyzed off-line using ImageJ software (NIH, http://rsb.info.nih.gov/ij/). Three fields from each culture were analyzed. An area of dye transfer adjacent to the scrape line was obtained from each field and divided by the length over which the area was measured, to yield an average linear value of dye-spread expressed in micrometers (m).
Statistical Analysis
Data are expressed as meanϮSD. Differences between groups were analyzed with ANOVA and Fisher protected least significant difference test. A value of PϽ0.05 was considered sufficient to reject the null hypothesis.
Results
Myocyte-Matrix Protein Interactions Affect Cx43 Expression at Gap Junctions
To determine whether the chemical composition of the extracellular matrix influences Cx43 expression in cardiac myocytes grown under basal conditions (without stretch), cultures were plated on either native type I collagen or fibronectin, grown for 4 days, and Cx43 expression at cell-cell junctions was measured by quantitative confocal microscopy. As shown in representative confocal immunofluorescent images and quantitative confocal analysis of three independent sets of cultures (Figure 1 ), the amount of Cx43 immunoreactive signal at sites of intercellular junctions was 2-fold greater in myocyte cultures grown on fibronectin than on collagen (2.19%Ϯ0.61 versus 1.05%Ϯ0.13, respectively; PϽ0.003). Additional cells grown on native collagen or fibronectin were subjected to pulsatile stretch or incubated with exogenous VEGF for 1 hour. As previously shown, 3, 4 myocytes plated on collagen showed a significant increase in the amount of Cx43 immunoreactive signal at intercellular junctions in response to pulsatile stretch (from 1.05Ϯ0.13% to 2.08Ϯ0.74%; PϽ0.04) and after being incubated with VEGF for 1 hour (from 1.05Ϯ0.13% to 2.48Ϯ0.60%; PϽ0.02) ( Figure 1 ). However, neither stretch nor VEGF increased the amount of Cx43 immunoreactive signal in myocytes plated on fibronectin ( Figure 1 ). The amount of Cx43 expression in cells grown on fibronectin was roughly equal to the level observed after stretch or incubation with VEGF in cells grown on native type I collagen. No apparent change in cell shape was noted in cells grown on fibronectin or subjected to stretch.
Previously, we showed that enhanced Cx43 expression in response to stretch in cells grown on collagen was associated with increased coupling. 3, 4 To determine whether increased Cx43 expression in nonstretched cells grown on fibronectin was also associated with enhanced coupling, we scrapeloaded cells with the membrane-impermeant dye, Lucifer yellow, and measured the extent to which dye passed to adjacent cells through gap junctions. As shown in Figure 1 , dye traveled 71% further in nonstretched cells grown on fibronectin (229Ϯ35 m) than in nonstretched cells grown on collagen (134Ϯ41 m; nϭ3 for each, PϽ0.04).
Integrin-Matrix Protein Interactions Alter Cx43 Expression at Gap Junctions
Fibronectin contains abundant RGD cell adhesive motifs. 13, 14 Furthermore, myocardial injury during ischemia or infarction leads to exposure of previously cryptic RGD motifs in native collagen in the myocardial interstitium. 8,9,14 -16 To determine whether denaturation of collagen, which is known to expose RGD motifs, would produce changes in Cx43 expression similar to those seen in cells grown on fibronectin, myocytes were grown on either native collagen or collagen subjected to heat-denaturation. As shown in representative confocal immunofluorescent images and quantitative confocal analysis from three independent experiments (Figure 2 ), the amount of Cx43 immunoreactive signal at sites of intercellular junctions was 1.6-fold greater in myocytes grown on heat-denatured collagen under basal conditions than in myocytes grown under identical conditions on native collagen (1.96%Ϯ0.63 versus 1.19%Ϯ0.28, respectively; PϽ0.03). As was observed in cells grown on fibronectin, myocytes plated on heatdenatured collagen showed no significant increase in Cx43 signal in response to 1 hour of pulsatile stretch or incubation with exogenous VEGF (Figure 2 ). Immunoblotting demonstrated an increase in the total amount of Cx43 in response to stretch in myocytes grown on native collagen (Figure 2 ), indicating that enhanced Cx43 signal at cell-cell junctions seen by confocal microscopy reflected an increase in the total Cx43 content within cardiac myocytes rather than only translocation from intracellular to junctional pools. A similarly increased level of Cx43 expression was also seen in nonstretched cells grown on denatured collagen, and there was no further increase after stretch ( Figure 2 ). No apparent changes in Cx43 phosphorylation were observed, at least as judged by the relative intensities of the various Cx43 bands on immunoblots. No changes in cell shape were noted either.
Previously, we found that expression of the intercellular adhesion molecule N-cadherin was increased in response to stretch in cells grown on native type I collagen. 3 To determine whether expression of this mechanical junction protein was also affected by different matrix proteins, cells grown on fibronectin and denatured collagen were subjected to stretch and N-cadherin expression was measured by confocal microscopy. As shown in Figure 3 , N-cadherin expression was increased in nonstretched cells grown on fibronectin or denatured collagen compared with nonstretched cells grown on native collagen. Stretch increased N-cadherin expression by Ͼ3-fold in cells on native collagen but had no effect in cells grown on fibronectin or denatured collagen. These results suggest that expression of electrical and mechanical junction proteins is coordinately regulated.
Results in cells grown on fibronectin or denatured collagen suggest that integrin signaling initiated by RGD motifs upregulates Cx43 expression and increases the amount of Cx43 in gap junctions independent of stretch and VEGF. To further determine the effect of the RGD motif on Cx43 expression, myocytes plated on native type I collagen were incubated with a cyclic RGD peptide (GRGDSP). Although this peptide can be used to block integrin signaling, we observed a marked increase in Cx43 expression. As shown in representative confocal images and by quantitative confocal analysis (Figure 4 ), the amount of Cx43 immunoreactive signal at intercellular junctions was Ͼ2-fold greater (2.57Ϯ0.60% versus 1.10Ϯ0.06%, respectively; PϽ0.002) in myocytes incubated with the RGD peptide than in control cultures not treated with peptide. Incubation of cells with an RGE peptide had no effect (data not shown). Because cellular expression and recruitment of specific integrin heterodimers occurs with RGD exposure, these findings suggest that activation of integrin heterodimers alters myocyte expression of Cx43.
Generalized Activation of Integrins Increases Cx43 Expression at Gap Junctions
To further investigate the role of integrin signaling in regulating Cx43 expression, we exposed cells to MnCl 2 . The divalent cation Mn 2ϩ stabilizes an open, extended integrin conformation promoting constitutive, high-affinity ligand binding. 17 To determine whether generalized integrin activation affects Cx43 expression at gap junctions, myocytes grown on native type I collagen or heat-denatured collagen were exposed to 1 mmol/L MnCl 2 for 1 hour. No change in pH was detected in the media of cells incubated with MnCl 2 . The amount of Cx43 immunoreactive signal at intercellular junctions was significantly increased in myocytes on native collagen that were incubated with MnCl 2 (from 1.28Ϯ0.14% to 2.11Ϯ0.20%; PϽ0.001) but not in cells grown on heatdenatured collagen ( Figure 5 ). Immunoblotting demonstrated an increase in the total content of Cx43 in myocytes incubated with MnCl 2 (Figure 5 ) Thus, generalized activation of integrins upregulates Cx43 expression and increases the amount of Cx43 in gap junctions independent of mechanical perturbation. ␤ 1 Integrins have been shown to play an essential role as mechanotransducers in the heart. 1,2,18 -21 Although cardiac myocytes express both ␤ 1 and ␤ 3 integrin subunits, 1,2 native collagen binds only to integrin heterodimers containing the ␤ 1 integrin subunit. 22 To further elucidate the respective roles of ␤ 1 and ␤ 3 integrins in regulating Cx43 expression, myocytes grown on native collagen were exposed to MnCl 2 in the presence or absence of monoclonal antibodies against ␤ 1 or ␤ 3 integrin subunits. As previously demonstrated, addition of MnCl 2 significantly increased Cx43 expression at gap junctions (2.21Ϯ0.42% versus 1.05Ϯ0.21%, respectively; PϽ0.04) compared with controls ( Figure 6 ). Pretreatment with anti-␤ 1 integrin antibody completely blocked the increase in Cx43 expression at gap junctions caused by MnCl 2 (1.04Ϯ0.04% versus 1.05Ϯ0.21%, respectively; PϭNS) ( Figure 6 ). In contrast, anti-␤ 3 integrin antibody had no effect on the degree of upregulation of Cx43 expression induced by MnCl 2 (Figure 6 ). Immunoblotting showed that pretreatment with anti-␤ 1 integrin antibody apparently decreased total Cx43 content in cells incubated with MnCl 2 despite the fact that Cx43 signal in junctions was not different than in control cells ( Figure 6 ). The significance of this specific observation is unclear but overall, the results of this experiment indicate that generalized activation of integrin signaling by MnCl 2 upregulates Cx43 expression by a ␤ 1 integrin-specific mechanism.
Role for ␤ 1 Integrin Signaling in Mechanoelectrical Coupling
To further characterize the role of ␤ 1 integrins in mechanotransduction, myocytes grown on native collagen were subjected to pulsatile stretch for 1 hour and the amount and distribution of ␤ 1 integrin immunofluorescent signal was analyzed by confocal microscopy. As shown in Figure 7 , the amount of ␤ 1 immunoreactive signal was markedly increased in response to stretch. However, no apparent increase in ␤ 1 integrin signal was noted in unstretched cells grown on fibronectin or denatured collagen, or in cells on native collagen that were incubated with Mn 2ϩ . Finally, to determine whether ␤ 1 integrin signaling mediates stretch-induced upregulation of Cx43 expression, cells grown on native collagen were stretched in the presence or absence of anti-␤ 1 integrin antibody. As previously shown, stretch led to significant upregulation of Cx43 expression (from 1.05Ϯ0.07% to 1.91Ϯ0.18%, nϭ4; PϽ0.001) (Figure 8 ). However, pretreatment with anti-␤ 1 integrin antibody blocked stretch-induced upregulation of Cx43 expression ( Figure 8 ). Addition of exogenous VEGF to nonstretched cells that had been pretreated with anti-␤ 1 integrin antibody upregulated Cx43 expression (to 1.83%Ϯ0.40, nϭ4; PϽ0.02 versus control cells) ( Figure 8 ). Thus, blockade of integrin signaling does not prevent cells from responding to VEGF.
Discussion
The present study was designed to elucidate the effects of specific matrix proteins in regulating cardiac myocyte gene expression induced by mechanical load. We compared the effects of short-term pulsatile stretch on ventricular myocytes grown on native type I collagen, the major component of the extracellular matrix in the normal heart, and myocytes grown on fibronectin and denatured collagen, both of which accumulate in the myocardial interstitium under selected pathophysiological conditions. We focused specifically on effects of mechanical load on expression of Cx43, the major cardiac gap junction channel protein, in ventricular myocytes grown on the different matrix protein. In previous studies, 3 we observed that Cx43 expression increased by Ϸ2-fold after 1 hour of pulsatile stretch in ventricular myocytes grown on type I collagen. We also showed previously that VEGF, secreted during stretch, acted through an autocrine mechanism to upregulate Cx43 expression, and that the stretch effect could be mimicked by incubating nonstretched cells with exogenous VEGF. 4 In the present study, we found that when ventricular myocytes were grown on either fibronectin 
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or denatured collagen, they expressed increased amounts of Cx43 compared with cells grown on type I collagen. Cx43 levels in nonstretched cells on fibronectin or denatured collagen were roughly equivalent to the levels seen after stretch in cells grown on native type I collagen. Moreover, neither stretch nor exogenous VEGF increased Cx43 expression in cells grown on fibronectin or denatured collagen. Similar results were observed for the intercellular adhesion molecule, N-cadherin. These observations suggest that signaling pathways activated by stretch or VEGF in cells grown on native collagen are constitutively activated in cells grown on fibronectin or denatured collagen such that no further increase in Cx43 expression is caused by stretch or VEGF.
In selected experiments, we observed that increased Cx43 expression at cell-cell junctions was accompanied by an increase in total Cx43 content measured by immunoblotting. This confirms previous findings. 4 We have also shown previously that increased Cx43 expression induced by stretch 3, 4 or by exposure to cAMP 23 in vitro leads to enhanced coupling as demonstrated by increased conduction velocity. In the present study, we showed that increased Cx43 expression in cells grown on fibronectin was associated with enhanced junctional coupling as demonstrated using a standard dye-transfer assay. These results provide further evidence that upregulation of Cx43 expression at cell-cell junctions, measured by confocal microscopy, reflects an increase in functional gap junction channels.
Because both fibronectin and denatured collagen, but not native collagen, interact with integrins via RGD motifs, 8,9,14 -16 we reasoned that activation of integrin signaling by RGD was responsible for enhanced Cx43 expression under basal conditions in cells grown on fibronectin or denatured collagen. Indeed, we could mimic the stretch effect by incubating cells on native collagen with a cyclic RGD peptide to specifically activate integrins dependent on RGD signaling, or by activating integrins nonspecifically with MnCl 2 . No further increase in Cx43 expression was achieved by exposing cells on fibronectin or denatured collagen to MnCl 2 . Thus, integrin signaling responsible for upregulating Cx43 expression appears to be maximal in cells grown on fibronectin or denatured collagen.
Finally, we showed that enhanced Cx43 expression induced by incubating cells grown on native collagen with MnCl 2 could be blocked completely by an anti-␤ 1 integrin antibody but not an anti-␤ 3 integrin antibody. Moreover, stretch-induced upregulation of Cx43 expression was also blocked by anti-␤ 1 integrin antibody in cells grown on native collagen. These results indicate that signaling activated by mechanical load in cardiac myocytes is mediated by ␤ 1 integrins. The fact that the effects of Mn 2ϩ was blocked by anti-␤ 1 integrin antibody also suggests that Mn 2ϩ increased Cx43 expression by activating integrin signaling rather than by other potential mechanisms.
Several classes of molecules may function as mechanosensors to regulate cardiac myocyte responses to mechanical load. Previous studies have identified only a limited role of stretch-activated ion channels (pacemaker inward, ATPsensitive K ϩ , and stress sensitive cation channels) in sensing mechanical stimuli and transducing a hypertrophic response in myocytes. 24, 25 Whereas intercellular adhesion molecules (ICAMs) also activate signaling pathways, 26 only the integrins directly connect the extracellular matrix to the actin cytoskeleton, and many studies have demonstrated that transduction of mechanical stress in myocytes into biochemical signals is mediated by integrins. 1, 2 Type I and III collagens constitute the great majority of the extracellular matrix in the normal heart, but production and secretion of fibronectin by fibroblasts is a key early step in establishment of the matrix in the developing heart. 27, 28 Fibronectin interacts with collagen, heparin, fibrin, and cell surface integrins to bind diverse matrix components and serve as a scaffold for nascent matrix assembly. 15 In the present studies, nearly pure populations of cardiac myocytes were grown on defined matrix proteins to delineate specific matrixmyocyte interactions. Because contamination by fibroblasts is low (Ͻ5%), 4 the effects of fibronectin and/or other matrix components secreted by fibroblasts in cultures plated on collagen were probably negligible. Similarly, there were no apparent effects of fibronectin that may have been derived from serum in cell culture media.
Various pathological conditions are associated with progressive qualitative and quantitative changes in the composition of the extracellular matrix, which may lead to interstitial fibrosis. 27, 29, 30 Increased levels of mRNAs encoding fibronectin and collagen have been observed during the transition from hypertrophy to failure in spontaneously hypertensive rats and in pressure-overload hypertrophy induced by aortic constriction in rats. [5] [6] [7] Similarly, denaturation and matrix metalloproteinase-mediated degradation of collagen induced by acute myocardial ischemia have been shown to expose previously cryptic RGD motifs within interstitial type I collagen, and this may be followed by increased expression of fibronectin. 8, 9 Although the defined in vitro conditions used in the present studies cannot precisely reflect changes in the matrix in cardiac disease, our observations provide new insights about how matrix remodeling and RGD-mediated activation of integrins might activate signaling cascades that promote adaptive responses to injury.
Enhanced Cx43 expression is known to occur during early, compensatory phases of cardiac hypertrophy, 31 but the potential role of altered myocyte-matrix interactions in this context are unknown. 32 Remodeling of gap junctions is also well documented in regions bordering acute myocardial infarcts. The appearance of RGD sites within discrete areas of acute injury may help regulate the repair process and/or initiate adaptive responses in viable but injured cells adjacent to the zone of necrosis. Alternatively, nonuniform, heterogeneous remodeling of the extracellular matrix might contribute to development of discrete areas of differential Cx43 expression and account for enhanced anisotropic conduction and formation of functional lines of block, which could promote reentrant arrhythmias. 33 The present study provides evidence for a potential new mechanism linking remodeling of the extracellular matrix to changes in electrical coupling of cardiac myocytes.
The ␤ 1 integrin is the predominant ␤-subunit found in the myocardium and has been implicated in mediating the cardiac hypertrophic response. 18 -22 A crucial role for ␤ 1 integrin signaling in sensing shear stress in endothelial cells has also been well established. 34 Our findings that ␤ 1 integrin expression increases with pulsatile stretch (a result that has been demonstrated previously with static stretch) 35 and that ␤ 1 integrin signaling is responsible for upregulation of Cx43 induced by MnCl 2 provide additional evidence for a primary role of ␤ 1 integrins as mechanotransducers in cardiac myocytes. Our observations suggest further that altered expression of Cx43 and remodeling of intercellular electrical junctions could play a role in the pathogenesis of the lethal phenotype observed in ␤ 1 D integrin knockout mice after transaortic constriction. 20 In conclusion, we have shown that matrix protein-myocyte interactions can regulate Cx43 expression in gap junctions via ␤ 1 integrin signaling initiated by mechanical stimulation in cells grown on native type I collagen, or by RGD-integrin signaling independent of mechanical stress in cells grown on fibronectin or denatured collagen. The composition of the extracellular matrix in physiological or pathophysiological states may, therefore, affect the degree of electrical coupling in cardiac myocytes. 
